This work studies dependences of resistivity, carrier concentration, mobility and structural properties on the thickness of nickel oxide (NiO) films deposited onto glass substrates by RF magnetron sputtering in a pure oxygen atmosphere at an RF power 200 W. The electrical properties were measured by Hall Effect measurements. The X-ray diffraction (XRD) and transmission electron microscope (TEM) analyses of nickel oxide films indicates that these films are polycrystalline when the samples are prepared with an unheated substrate (T s ¼ 303 K) and using a substrate at a higher substrate temperature (T s ¼ 673 K). The thickness of the films varied in the range from 50 to 300 nm. The variations of the microstructural parameters, such as crystallite size (L), dislocation density (), stacking fault probability (), strain (") and density (D), with film thickness and substrate temperature were investigated. The results show the crystallite sizes increaser as the thickness of the film increases. The variation of the dislocation density and the stacking fault probabilities and strain decrease as the thickness increases. The resistivity of NiO film is increased with an increase in film thickness, which is related to the decrease of carrier concentration with film thickness. The NiO film with a thickness of 200 nm has a minimum resistivity of 0:69 Â 10 À2 m when deposited at substrate temperature of 303 K.
Introduction
Nickel oxide (NiO) thin films with an NaCl-type structure have attractive interest recently because they have excellent chemical stability, favorable optical, electrical and magnetic properties. They have been used as an antiferromagnetic material, 1) p-type transparent conducting films, 2) material for electrochromic display devices 3) and in functional sensor layers for chemical sensors. 4) These films have been fabricated using various physical and chemical vapor deposition techniques, such as spray pyrolysis, 5) plasmaenhanced chemical vapor deposition 6) and reactive sputtering.
3) Among these methods, reactive sputtering is the most extensively used. Researches [6] [7] [8] [9] [10] have been carried out on the dependence of film properties on sputtering parameters. Numerous reference data and previous studies [6] [7] [8] [9] [10] have demonstrated that superior electric and optical properties of NiO films can be obtained by reactive sputtering with a sputtering pressure in the range 0.1-1 Pa and in a pure oxygen atmosphere using a heated substrate.
The influences of film thickness on the structural, optical, magnetic and electrical properties of thin films are very important. Many reports on the effect of size on thin films of various materials have been published. [11] [12] [13] [14] [15] However, only few works on the dependence of the properties nickel oxide films on film thickness have been published. 16) Nickel oxide films obtained by sputtering onto glass substrate at 303 and 673 K were analyzed to understand the role of film thickness on the structural and electrical properties of the nickel oxide films. The thickness of the films was varied between 50 and 300 nm.
Experimental Methods

Film preparation
Nickel oxide films were deposited on a Corning 1737 with a 0.7 mm thick glass substrate by RF magnetron sputtering from an NiO target with a purity of 99.99% purity in an atmosphere of pure oxygen. The distance between the target and the substrate was approximately 80-85 mm. The chamber was evacuated to a pressure of under 4 Â 10 À4 Pa before deposition. Sputtering deposition was performed at a gas pressure of 1 Pa. The RF power was maintained at a constant 200 W. The substrates were kept at room temperature 303 and 673 K respectively. The sputtering time was changed to yield different film thicknesses.
Film characterization
A conventional stylus surface-roughness detector (Alphastep 200) was used to measure the thickness of films. The electrical properties of nickel oxide films, including resistivity, carrier concentration and mobility, were measured using a Hall measurement system (''Lake Shore'' model 7604 Hall Effect measurement systems). The crystal structure of the deposited films was identified by X-ray diffraction (XRD). XRD patterns of the films were obtained using a Rigaku D/MAX 2500 multipurpose X-ray thin film diffractometer with monochromatic high-intensity CuK radiation ( ¼ 0:15418 nm). The microstructure was observed using an ultrahigh resolution analytical electron microscope (HR-AEM, Hitachi model HF-2000 field emission transmission electron microscope, Japan and FEG-TEM, Philips Tecnai F30 Field Emission Gun Transmission Microscope, Holland). The surface and in-depth profile NiO films were analyzed by Auger Electron Spectroscopy (VG. Microlab 310D Auger Electron Spectroscopy).
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Structural analysis
The inter-plane spacings can be calculated given by the Bragg law. 17) 
where d hkl is inter plane spacing (d-spacing); ¼ 0:15418 nm is X-ray wavelength of CuK radiation, and is the diffraction angle. The full-width at half-maximum (FWHM) can be expressed as a linear combination of the contribution from the lattice strain and crystallite size. 18, 19) The effects of the strain (") and crystallite sizes (L) on the FWHM can be expressed by the following equation (Williamson-Hall method): 18, 19) ðcos =Þ ¼ 1=L þ "ðsin =Þ ð 2Þ
where is the measured FWHM (in radians), is the Bragg angle of the peak, is the X-ray diffraction wavelength, L is the effective crystallite size, and " is the effective strain. The strain value obtained from a Williamson-Hall plot serves to indicate the magnitude of the strain distribution of a nonuniform strain state. A crystalline size value can also be obtained from a Williamson-Hall plot through the intercept of the fitted line with the y-axis. The dislocation density (), defined as the length of the dislocation lines per unit volume of crystal, is evaluated using the formula, 14, 15, 20) 
where n is a factor that equals unity when the dislocation density is minimum and L is the crystallite size. The stacking fault probability is the fraction of layers that undergo stacking sequence faults in a given crystal, so fault is expected to be found in 1= layers. 20) The occurrence of stacking faults gives rise to a shift in the peak positions of different reflections with respect to the ideal positions of a fault-free well-annealed sample or a standard sample. Warren and Warekois 20, 21) proposed a relation between and the peak shift Áð2Þ. The stacking fault probability is given by
The stacking fault probabilities were calculated from the shift of the peaks of the X-ray lines of the films with reference to the 2003 JCPDS database No: 89-7130, using eq. (4). Nickel oxide is a cubic structure. The lattice parameter 'a' can be evaluated from the relation where M is the total mass of the unit cell of NiO; 6:02 Â 10 23 is the Avogadro constant, and V is the volume of unit cell of the NiO. Figure 1 displays the X-ray diffraction patterns for nickel oxide films, prepared at 200 W in an atmosphere of pure oxygen, with thickness in the range from 50 to 300 nm. Table 1 and 2 present the calculated d values and the corresponding indices, respectively.
Results and Discussion
Structural properties
The peak intensity increases with the film thickness and the X-ray spectra are polycrystalline in nature. Also, the X-ray and electron diffraction patterns indicate that the films deposited on the glass substrates maintained at 303 and at 673 K have an NaCl-type structure. The XRD pattern of NiO films prepared at these two substrate temperatures are compared. Those films deposited at a substrate temperature of 303 K had (111) preferential planes and those films deposited at 673 K had (200) preferential planes.
The dependence of crystallographic orientation on the substrate temperature of 303 and 673 K for NiO films might be explained as follows. The crystal orientation of the film is determined by the method for growth of the nuclei. In the deposition of oxide films, the films initially nucleated in a random orientation. When the film grows from the initial nuclei, the crystal plane of the nuclei with minimum surface free energy may remain parallel to the film surface, because the growth rate of the crystal plane with minimum surface free energy is lower than of the other crystal plane. In an ionic crystal of NiO with NaCl-type crystal structure, crystallographic orientation of the film is affected by the arrangement of O 2À when active species of nickel and oxygen, which are 24) prepared NiO films with Ni(C 5 H 5 ) 2 /O 2 at various temperatures and O 2 flow rates by chemical vapor deposition. The (111)-orientated NiO film was obtained at the low deposition temperature region (<548 K), low nickel content in nickel oxide, and low grain size. The (100)-orientated NiO film was obtained at the high deposition temperature region (>548 K), high nickel content in nickel oxide, and high grain size. These different methods indicate that the NiO film texture depends on the oxygen content as well as on the deposition temperature. In our study, nickel oxide (NiO) films were deposited onto glass substrates by RF magnetron sputtering in a pure oxygen atmosphere. The (111)-oriented NiO film was obtained at room temperature of 303 K, and (100)-oriented NiO film was obtained at higher temperature of 673 K. This result can be attributed to a minimum surface mobility of the nuclei at higher substrate temperature of 673 K. At higher substrate temperature, the sputtered atoms obtain more kinetic energy when they arrive at the substrate surface. Also extra thermal energy is provided by the heated substrate. The mobility of atoms and clusters, which is in proportion to their energy, on the substrate will be increased with increasing the substrate temperature. It may favor the growth of the films along some simple crystal planes such as (100) and (001). It is suggested that the NiO molecules are sputtered more efficiently than oxygen atoms. It is easier to obtain (100)-oriented NiO film because the growth layer is composed of a mixture of Ni 2þ and O 2À under higher substrate temperature.
In Fig. 2 , cos = is plotted versus sin = for NiO films deposited on substrate temperatures of 303 and 673 K. The effective crystallite size that has taken the strain into account can be estimated from the extrapolation of the plot shown in Fig. 2 . The slope of the fitted line indicates the presence of strain in the ZnO crystal lattice. Transmission electron microscopy was also used to observe the microstructure of the NiO films. Figure 3 shows the transmission electron micrograph (TEM) and transmission electron diffraction patterns of NiO films deposited at room temperature (303 K) and at 673 K, with a thickness of about 200 nm. The crystallite sizes were found in nanoscale and estimated at about 20-30 nm. The crystallite sizes were estimated from Williamson-Hall plot, which is similar to that observed by TEM. Table 3 presents the crystallite size (L), density (D), strain ("), dislocation density () and stacking fault probabilities (). Figure 4 plots the variation of the crystallite size (L) and strain (") with the thickness of the films. Figure 5 plots the variation of dislocation density () and stacking fault probabilities () with thickness.
The crystallite size increases with the thickness of the films and strain decreases with the thickness of the films, as shown in Fig. 4 . The dislocation density and the stacking fault probabilities, all decrease as the thickness increase as shown in Fig. 5 . Figure 6 shown the nature of dislocations and stacking faults in NiO films were observed by high-resolution transmission electron microscopy (HR-TEM).
The increase in the crystallite size may be caused by a columnar grain growth in the structure. The crystallite sizes of NiO films deposited at 673 K were smaller than those deposited without heating (303 K) which fact may be attributed to the formation of new smaller crystallites on the larger grains. The FWHM was observed to decrease as the thickness of the film increased. The result reveals the crystallization approaches more perfect as the film was increased. This is due to decrease the internal micro-strain in the films and the increase in the crystallite size. 15, 25) Table 3 compares the crystallite size (L), the dislocation density (), the stacking fault probabilities () and the strain (") of the NiO films of different thickness on glass substrates. The crystallite size increases but the dislocation density decreases as the film thickness increases. Increasing the thickness, both the micro-stresses and the dislocation density existing in the film decrease. The reliefs of the stresses built up in the films leads to reduction in the interplanar spacing, and thus minimize the stacking fault probability in the films. 26) During the increase of the film thickness, the dislocation density and the microstrain are reduced because stress is released in the films by simultaneously annealing during deposition. Also the crystallite sizes initially gradual increase with film thickness and finally to a saturation value. The cumulative effect of the decrease in the microstrain and the dislocation density can be used to explain the gradual reduction in the stacking fault of the films with increasing film thickness. 26) Figure 7 shows the dependence of resistivity () and carrier concentration (N) on the thickness of the NiO films that were deposited on substrate at the temperatures of 303 and 673 K. Figure 7 (a) shows the resistivity and carrier concentration of the as-deposited films prepared on unheated substrate (303 K). The resistivity is seen to increase from 0:84 Â 10 À2 to 2:2 Â 10 À2 m as the film thickness is increased from 50 to 300 nm. The carrier concentration is also seen to decrease from 15:3 Â 10 18 to 8:94 Â 10 18 cm
Electrical properties
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as the film thickness is increased from 50 to 300 nm. It can be explained with the fact that resistivity is known to be inversely proportional to the carrier concentration. Figure  7 (b) shows the resistivity and carrier concentration of the film prepared on the heated substrate of 673 K. The resistivity is seen to increase from 1:63 Â 10 À2 to 11:09 Â 10 À2 m as the film thickness is increased from 50 to 300 nm. The carrier concentration is also seen to decrease from 10:6 Â 10 18 to 0:08 Â 10 18 cm À3 as the film thickness is increased from 50 to 300 nm. It can be seen that the film thickness has a much larger effect on the resistivity (10 times higher) as well as the carrier concentration (100 times lower) as the substrate is heated.
The conduction mechanism of the NiO film is believed to be related to the concentration of the electrical carrier, which is the oxygen vacancy existed in the structure. The electrical properties of NiO films are then associated with their microstructure and composition, and consequently, on the deposition environment. [7] [8] [9] To clarify this phenomenon, the film composition was investigated by AES. Figure 8 shows the AES depth profile of the NiO films prepared at substrate temperature of 303 K with film thickness of 250 nm. For the AES profile, the atomic concentration near the surface is usually not a good indicator since it can be affected by the oxygen in the environment. The atomic concentration near the substrate is also not a good indicator since it can be affected by the silicon oxide existed on the surface of the substrate. For the middle region of the AES profile, it can be seen that oxygen concentration is decreased as the sputtering time is increased. The decrease in oxygen concentration indicates that oxygen vacancy is increased. However, the increase in sputtering time corresponds to a decrease in film thickness. Therefore, the AES profile does show that as film thickness increases, concentration of oxygen vacancy de- creases. This leads to the conclusion that the dominant factor for the resistivity of the NiO films is oxygen vacancy. Hence the resistivity of NiO film is increased with an increase in film thickness.
Conclusion
The relationships between the thickness of NiO films and structural and electrical properties are studied. The thicker 
